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DESCRIPTION 

LASER SOURCE WITH HIGH RELATIVE FEEDBACK AND 
METHOD FOR MAKING SUCH A LASER SOURCE 

5 

Field of the Invention 

The invention relates to the stabilization of a laser, specifically a semiconduc- 
10 tor diode laser of the type commonly used in opto-electronics, mostly as so- 
called pump lasers for fiber amplifiers in the field of optical communication, 
e.g. for erbium-doped fiber amplifiers. Such lasers are designed to provide a 
narrow-bandwidth optical radiation with a stable power output in a given fre- 
quency band. In particular, the invention relates to a laser using an external 
15 reflector providing very high relative feedback such that the laser is capable of 
stable operation without the need for an active temperature stabilizing ele- 
ment. 

20 Background and Prior Art 

Semiconductor lasers of the type mentioned above have, for example, be- 
come important components in the technology of optical communication, par- 
ticularly because such lasers can be used for amplifying optical signals imme- 
25 diately by optical means. This allows to design all-optical fiber communication 
systems, avoiding any complicated conversion of the signals to be transmitted 
which improves speed as well as reliability within such systems. 

In one kind of optical fiber communication systems, the lasers are used for 
30 pumping erbium-doped fiber amplifiers, so-called EDFAs, which have been 
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described in various patents and publications known to the person skilled in 
the art. An example of some technical significance are 980nm lasers with a 
power output of 100mW or more, which wavelength matches the 980nm er- 
bium absorption line and thus achieves a low-noise amplification. InGaAs la- 
5 sers have been found to serve this purpose well and are used today in signifi- 
cant numbers. However, the invention is in no way limited to InGaAs lasers. 

There are examples of lasers of other wavelengths and materials for which the 
present invention is applicable. Generally, laser diode pump sources used in 

10 fiber amplifier applications are working in single transverse mode for efficient 
coupling into single-mode fibers and are mostly multiple longitudinal mode 
lasers, i.e. Fabry-Perot (FP) lasers. Three main types are typically used for 
erbium amplifiers, corresponding to the absorption wavelengths of erbium: 
InGaAsP and multiquantum-well InGaAs lasers are used at 1480nm; strained 

15 quantum-well InGaAs lasers at 980nm; and GaAIAs lasers at 820nm. 

One of the problems occurring when using semiconductor lasers for the above 
purpose is their wavelength and power output instability which, though small, 
still affects the amplification sufficiently to look for a solution to the problem. 

20 This problem is already addressed in US patent 5 563 732 by Erdogan et al., 
entitled "Laser Pumping of Erbium Amplifier", which describes the stabilization 
of a pump laser of the type described above by use of a Bragg grating in front 
of the laser. This grating forms an external cavity with the laser. The emission 
spectrum is stabilized by the reflection from the grating. The grating is formed 

25 inside the guided-mode region of the optical fiber at a certain distance from 
the laser. Such a fiber Bragg grating is a periodic (or aperiodic) structure of 
refractive index variations in or near the guided-mode portion of the optical 
fiber, which variations are reflecting light of a certain wavelength propagating 
along the fiber. The grating's peak-reflectivities and reflection bandwidths de- 

30 termine the amount of light reflected back into the laser. 
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Ventrudo et al. US patent 5 715 263, entitled "Fibre-grating-stabilized Diode 
Laser" describes an essentially similar approach for providing a stabilized la- 
ser, showing a design by which the laser light is coupled to the fiber by focus- 
5 sing it through a fiber lens. Again, a fiber Bragg grating is provided in the fi- 
ber's guided mode portion, reflecting part of the incoming light back through 
the lens to the laser. To summarize, when positioning a fiber Bragg grating at 
a certain distance from the laser's front facet and when the laser gain peak is 
not too far from the Bragg grating's center wavelength, it is understood that 
10 the laser is forced to operate within the optical bandwidth of the grating and 
thus is wavelength-stabilized. Additionally, low-frequency power fluctuations 
seem to decrease by the effect of induced high-frequency multi-mode opera- 
tion. 

15 Though the above stabilization methods are effective, they all use active tem- 
perature stabilizing elements. None of the above prior art addresses solutions 
for high power (i.e. > 100 mW) laser sources capable of stable operation with- 
out using an active temperature stabilizing element. Such cooling elements, 
commonly known as thermoelectric coolers (TEC), are usually attached to the 

20 heatsink of the laser for maintaining the laser temperature at a constant level. 
The need for TEC's contributes significantly to the complexity and cost of a 
laser source. 

A so-called external cavity laser is known from from Bestwick et al. US 
25 patent 6 101 210. This design, though mentioning that cooling of the 

laser may not ne necessary, is however limited to narrow bandwidth signal 
lasers whose power dissipation is much lower compared to the high power 
lasers addressed by the present invention. Also, Bestwick et al focus on 
production techniques and do not disclose any reflectivity values or 
30 ratios for the laser front facet and/or the grating. Thus, the low 
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power, narrow bandwidth signal lasers disclosed by Bestwick et al. do 
not provide any indication of how to make or design an uncooled high 
power laser according to the present invention. 

5 Thus, it is the main object of the invention to devise a simple and reliable laser 
source with sufficiently large locking range, especially for pump lasers in opti- 
cal fiber communication systems, that provides a stable output without the 
need for an active temperature stabilizing element. 



10 A specific object is to avoid the detrimental switching of the laser between op- 
eration at a single longitudinal mode and operation at multi-longitudinal 
modes, even for a laser output power of more than 100 mW, and thus in- 
crease the stability of the output of high power laser sources. Output stability 
shall be achieved for high optical power having reduced noise at low frequen- 

15 cies, wavelength stability and high side-band suppression outside the fiber 
Bragg grating bandwidth. 

A further object is to allow maximum flexibility for choosing the laser's parame- 
ters without running into stability problems. 

20 

A still further object is to avoid any further complexity and keep the number of 
additional components of the laser source within a laser pumped optical ampli- 
fier to a minimum. 



25 

Summary of the Invention 



In accordance with the present invention there is provided a laser source 
comprising at least one external reflector establishing a high relative feedback 
30 for achieving a large locking range with respect to a given operating wave- 
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length. This allows to operate the laser within its locking range without the 
need for an active temperature stabilizing element. 

In accordance with another aspect of the invention the external reflector has 
5 an optimized and broadened reflectivity bandwidth with the advantage of 
achieving a stable power output within the locking range of the laser. 

In particular, the front facet reflectivity of the laser is preferably chosen as 
small as possible, and the reflectivity of the reflector is optimized by design for 
10 achieving the high relative feedback. Furthermore, the reflectivity bandwidth 
of the reflector, defined by the full-width at half maximum (FWHM) bandwidth, 
is designed to correspond to the equivalent of at least 10 but preferably 20 - 
40 longitudinal Fabry-Perot modes of the laser, thus achieving in combination 
an optimum locking range and a stable power output of the laser. 

15 

In a preferred embodiment of the invention, the external reflector is preferably 
a fiber Bragg grating having a uniform reflection characteristic, said grating 
being integrated in the optical fiber used for guiding the laser beam. This sim- 
plifies the manufacture and avoids the need to have any parts or components 
20 added. Alternatively, other types of reflectors can be used, such as discrete 
optical interference filters, for example. 

In a further embodiment of the invention, the external reflector is a grating 
formed in a silicon, silicon nitride, or silica waveguide, or formed in a 
25 waveguide of any other material. This allows to form the external reflector in a 
waveguide directly on a chip of the respective material. 

In another embodiment of the invention, the shape of the reflection character- 
istic of the fiber Bragg grating can be linear, flat-top, or the shape resulting 
30 from a chirped and/or apodized filter design. This has the advantage of addi- 



5 



ULE-P9 US 



tional design flexibility. Moreover, an apodized grating may avoid lasing at a 
side-band maximum of the reflection characteristic instead of lasing at the 
Bragg wavelength, as will be explained in more detail below. 

5 In a still further embodiment of the invention, at least two fiber Bragg gratings 
within the optical fiber are used for achieving the desired combined reflectivity 
characteristic. In one embodiment, the fiber Bragg gratings of this plurality 
have different reflectivity wavelengths by design. Alternatively, the wave- 
lengths may be equal by design, whereby the shift of the reflectivitiy wave- 
10 lengths is achieved by applying different mechanical stresses and/or different 
temperatures. This results in even further design flexibility. 

In yet another embodiment, an electronic dither imposed by modulating the 
injection current can be applied in addition and with respect to all previously 
15 mentioned embodiments. This would result in the advantage of further im- 
proved power stability. 

A preferred method for providing the plurality of fiber Bragg gratings is to es- 
tablish them by simultaneously producing the desired Bragg gratings within 
20 the optical fiber. This keeps the efforts for fabricating the additional gratings at 
a minimum and, at the same time, provides for closer tolerances of the de- 
sired layout. 

25 Brief Description of the Drawings 

Preferred embodiments of the invention are described below with reference to 
the following schematic drawings. The drawings are provided for illustrative 
purposes and are not necessarily to scale. 

30 



ULE-P9 US 



Fig. 1 shows a schematic illustration of a stabilized laser source with a laser, 
a fiber guide with integrated Bragg grating, and a monitor photodiode. 

Fig. 2 shows a graph of the threshold gain and the laser modal gain, indicat- 
5 ing the resulting lasing wavelength. 

Fig. 3 shows a graph of the threshold gain and the laser modal gain for dif- 
ferent laser temperatures, indicating the resulting locking range. 

1 0 Fig. 4 shows a graph of the laser power spectrum for different heatsink tem- 
peratures, indicating the resulting locking range. 

Fig. 5 shows a graph of the threshold gain for different relative feedback lev- 
els (tfb) and the laser modal gain for different heatsink temperatures, 
15 indicating the resulting locking range for pulling-down operation. 

Fig. 6 shows a graph of the locking range in units of temperature for different 
effective fiber Bragg grating (FBG) reflectivites, 7] C 2 Rfbg, and front 
facet reflectivities (FFR), R F . 

20 

Fig. 7 shows a graph of the laser power exiting the fiber guide versus the 
laser injection current, for a narrow FWHM bandwidth (0.5 nm) of the 
FBG. 

25 Fig. 8 shows a graph of the laser power variation for different levels of 
relative feedback (r F B>. 

Fig. 9 shows a graph of the laser power exiting the fiber guide versus the 
laser injection current, 
30 for a broad FWHM bandwidth (2.8 nm) of the FBG. 
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Fig. 10 shows a graph of different FBG reflectivity filter functions with broad 
FWHM bandwidth. 

Fig. 11 shows a graph of the measured reflectivity spectrum of a nominally 
uniform FBG. 



Fig. 12 shows a graph of the measured optical power spectrum obtained 

with the reflection characteristic of the uniform FBG shown in Fig. 11. 

Fig. 13 shows a graph of the measured reflectivity spectrum of an apodized 
(unchirped) FBG 

Fig. 14 shows a graph of the measured optical power spectrum obtained with 
the reflection characteristic of the apodized FBG shown in Fig. 13. 

Fig. 15 shows a graph of the laser power variation with, and without electronic 
dither imposed on the laser injection current. 



Detailed Description 



Fig. 1 shows the basic layout of a first and preferred embodiment according to 
the invention. A semiconductor diode laser 1 , here a high-power diode laser 
operating at a wavelength of approximately 980 nm, generates a laser beam 4 
that is emitted predominantly from the laser front facet 2. At the laser back 
facet 3, a laser light beam 5 having a low intensity is also emitted, which is 
detected by a monitoring photodiode 6. The monitoring photodiode 6 converts 
the light received to a back facet monitoring (BFM) current for controlling the 
laser injection current in a feed-back loop. The laser light beam 4 is coupled 
into a suitable guide means 8, preferably an optical fiber, via a fiber lens 7, 
focusing the laser beam 4 onto the input end of the optical fiber 8. Within the 
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optical fiber 8, an optical reflector 9, preferably a fiber Bragg grating (FBG), is 
arranged. From a manufacturing viewpoint, the well-known FBG fabrication is 
based on exposure to UV radiation having a periodic intensity along a piece of 
the optical fiber, as described e.g. by Raman Kashyap in "Fiber Bragg Grat- 
5 ings", Academic Press, 1999. A stabilized fiber exit beam 10 leaves the opti- 
cal fiber 8 and is fed into a fiber amplifier, e.g. an erbium-doped fiber amplifier 
not shown here. 

In the following, the operation principle of a stabilized laser source using a 
10 FBG as reflector is presented. In a high-power semiconductor diode laser, the 
back facet is coated with a high-reflectivity filter having a reflectivity R B at the 
design wavelength, whereas the front facet is coated with a low-reflectivity 
filter (anti-reflection coating) having a reflectivity R F at the design wavelength. 
Most of the laser light is thus emitted from the front facet and is coupled into 
1 5 the optical fiber via the fiber lens. The power coupling efficiency r| C defines 
the proportion of light coupled into the optical fiber via the fiber lens arrange- 
ment. Typical values of around 0.7 may be achieved with mass production 
means, whereas a value of up to 0.85 may be achieved in a controlled labora- 
tory environment. The laser light further propagates within the optical fiber 
20 towards the FBG having a reflectivity R F bg at the design wavelength. The par- 
tial reflection of the laser light by the FBG into the laser thus causes a delayed 
feedback. 

The feedback strength, also called the relative feedback r FB , can be defined 
25 as 

Tfb = r|c 2 Rfbg (1-Rf) 2 / Rf * tic 2 Rfbg / Rf for R F «1 , 
which reduces approximately to the ratio of the FBG's reflectivity (including the 
power coupling efficiency squared) and the laser's front facet reflectivity , if the 
latter is much smaller than one. The term r| C 2 may be considered a constant 
30 k for a given arrangement and defined materials. 
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According to this formula it is clear that the relative feedback can be increased 
by decreasing the front facet reflectivity, and/or by increasing the power cou- 
pling efficiency, and/or by increasing the reflectivity of the FBG. 

5 The reflection characteristic of the FBG forces the laser diode to emit laser 
light not around the modal gain maximum of the laser, but at wavelengths cen- 
tered at the FBG wavelength, as shown in Fig. 2. In other words, the laser 
source will lase at the wavelength where the laser modal gain equals the laser 
threshold gain. For a given detuning between the modal gain maximum and 

10 the FBG's wavelength, the lasing wavelength will be around the Bragg wave- 
length if the reflectivity of the FBG is high enough. For such a situation it is 
said that the laser is locked by the FBG. With increasing heatsink tempera- 
ture and/or laser injection current the modal gain curve will shift towards 
longer wavelengths thus yielding a varying detuning. The wavelength range 

15 over which the position of the modal gain maximum can be tuned while con- 
tinuously maintaining locking with the FBG, is defined as the locking range of 
the laser. 

Fig. 3 shows the total locking range which is the sum of the locking range for 
20 pulling-up operation (modal gain maximum below the Bragg wavelength) and 
pulling-down operation (modal gain maximum above the Bragg wavelength). 
Fig. 3 further shows equal threshold gain and modal gain at wavelengths cor- 
responding to the FBG central wavelength, and the maxima of the modal gain 
curves, respectively. This situation causes the emission of laser light with 
25 equal power at both the FBG wavelength, and at the maxima of the modal 

gain curves. Hence, the locking range can be defined on both sides by a side- 
band suppression ratio of 0 dB. 

Of practical interest, however, is the locking range expressed in the maximum 
30 variation of the laser heatsink temperature. In Fig. 4, the laser power spec- 
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trum for both a low and a high heatsink temperature is shown. As is clearly 
seen, the side-band peak of the laser power is suppressed by more than 20 
dB for the low temperature where the laser operates in the pulling-up regime, 
and by more than 30 dB for the high temperature where the laser operates in 
5 the pulling-down regime. For practical applications, a side-band suppression 
ratio of at least -10 dB to -20 dB might be given as a specification value. 
In a state-of-the-art configuration, the relative feedback is set to a value of the 
order of one, i.e. r F B = 1 - This is typically achieved with values of R F = 1 %, 
Rfbg = 2%, and r| C = 0.7. Such a low relative feedback level is sufficient for 
10 applications requiring an active temperature stabilizing element, such as a 

thermoelectric cooling element (TEC) attached to the heatsink for keeping the 
temperature variations of the laser within limits. 

In accordance with the present invention, a range of -5° C to 85° C of the 
1 5 heatsink temperature has to be allowed if the laser source is operated without 
a TEC. Under such conditions, the wavelength of the modal gain maximum of 
the free-running laser shifts over a large range (e.g. from 965 nm to 1005 nm). 
Thus a locking range of around 40 nm or even more is required. Moreover, 
the power of the stabilized fiber exit beam should clearly be in excess of 
20 100 mW. 

Moreover in accordance with the present invention, the locking range for 
wavelength stabilization is strongly increased by increasing the relative feed- 
back to values of r F B = 5 - 10. Simulation results shown in Fig. 5 demonstrate 

25 how the locking range increases if the FBG reflectivity R F bg is increased from 
2% to 10% and 20%, corresponding to a relative feedback r FB of 1 , 5, and 10, 
respectively. In Fig. 5, the results apply for r| C = 0.7, and R F = 1%. As ex- 
plained above, the relative feedback can be increased by inceasing the fiber 
Bragg grating reflectivity and/or the power coupling efficiency, and/or by de- 

30 creasing the front facet reflectivity. 
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Fig. 6 shows measurement data indicating the locking range plotted against 
the effective FBG reflectivity r\ c 2 Rfbg for three different values of the front 
facet reflectivity R F . Here, the locking range is given as the temperature range 
5 over which the laser can be locked. This definition of the locking range is 
equivalent to the definition given above, if the shift of the modal gain curve 
with temperature, given in nm/K, is known. As can clearly be seen, the lock- 
ing range increases with increasing effective FBG reflectivity. Moreover, for a 
given FBG reflectivity, the locking range also increases with a decreasing front 
1 0 facet reflectivity. It is further noted that for a very high relative feedback, the 
locking range is saturating at a certain level depending on the front facet re- 
flectivity and further laser parameters. For the example shown in Fig. 6, it is 
found that the saturation starts at a relative feedback level of 5 to 1 0. 

15 In other words, the measurement data shown in Fig. 6 clearly exhibit the im- 
provement of the locking range over a wide temperature range. This is one 
important aspect to which the present invention provides a solution. 

However, increasing the relative feedback to very high values also has a det- 
20 rimental effect on the noise performance. Furthermore, as is found from ex- 
perimental data as well as from numerical simulation, increasing the relative 
feedback without suitable compensation produces disturbing nonlinearities of 
the laser power versus injection current, i.e. the P/l characteristic. 

25 Fig. 7 shows the measured power of the exiting laser beam (power from fiber 
after the grating), of a laser source for a very high relative feedback value of 
r F B = 13 with uncompensated FWHM reflectivity bandwidth of the FBG, which 
typically has a value of 0.5 nm for state-of-the-art implementations. The re- 
sulting saw-tooth shape is clearly unacceptable for high-power pump laser 
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sources. The kinks in the P/l characteristic can be used as a first criterion for 
assessing the quality of the laser source. 

A second criterion can be derived from the measurement of the time series of 
5 the laser power variation for a fixed injection current. The power variation can 
be quantified by the expression 5P dB = -10 Ig (1-AP max /Pmean), where P mean is 
the mean power value averaged over the time sampling interval, and AP max 
is the maximum power variation within the sampling time interval, i. e. the dif- 
ference between the maximum and minimum power value. For typical appli- 
10 cations, a specification of the power variation below 0.15 dB might be given. 

It has been found experimentally that increasing the FBG FWHM reflectivity 
bandwidth beyond values used in state-of-the-art implementations yields a 
reduction of the power variations with time. Furthermore, the linearity of the 
15 P/l characteristic is also improved. 

Fig. 8 shows the measured power variation of a laser source for high relative 
feedback values of r FB = 13, and r FB = 26, plotted against the injection current. 
Here, the FWHM reflectivity bandwidth of the FBG is broadened to 2.8 nm, 
20 and 2.5 nm, respectively. Fig. 8 further shows that the specification 
AP d B < 0.15 dB cannot be met for an extremely high relative feedback 
(r F B = 26), however, the specification is met for a very high relative feedback 
(r F B = 13) for injection currents up to 350 mA. 

25 Fig. 9 shows the P/l characteristic for a relative feedback r FB = 13 and an FBG 
FWHM bandwidth of 2.8 nm. These curves correspond to the open diamond 
symbols shown in Fig. 8. A comparison with Fig. 7 clearly demonstrates the 
improvement with respect to the linearity of the P/l characteristics. It has been 
found that the optimum FWHM reflectivity bandwidth, also denoted as 
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□ AA.FWHM, scales with the spectral separation of the longitudinal Fabry-Perot 
(FP) modes, AA,fp, of the internal laser cavity. The internal cavity modes are 
defined by the free-running laser chip (without FBG). The optimum number of 
longitudinal modes within the FWHM reflectivity bandwidth is between 20 and 
5 40, i.e. AA.FWHM /AA, F p = 20 - 40. In other words, Figs. 8 and 9 demonstrate 
that a FBG with optimized FWHM reflectivity bandwidth establishes the de- 
sired P/l linearity as well as the specified power variation for laser sources 
operating with very high relative feedback, thus addressing another aspect of 
the present invention. 

10 

In a second embodiment, the FBG with uniform reflection characteristic is re- 
placed by an FBG having a non-uniform reflection characteristic with opti- 
mized FWHM reflectivity bandwidth. Such non-uniform reflectivity filter func- 
tions may exhibit a flat-top filter characteristic, or a linear filter characteristic, 
15 or a filter characteristic obtained by a chirped and/or apodized FBG. 

Fig. 10 shows reflectivity spectra of the various realizations just mentioned. 
Here, the reflectivity spectrum of a uniform FBG with FWHM reflectivity band- 
width of 2.8 nm is shown as a reference spectrum. Simulation results indicate 
20 that FBGs with specially designed filter functions may be an option for realiz- 
ing even smaller power variations and smoother P/l characteristics than those 
achieved with a uniform reflection characteristics. The filter function of an uni- 
form FBG shows side-band maxima at equidistant spectral positions far from 
the main peak. 

25 

As an example, Fig. 1 1 shows the measured reflectivity spectrum of a nomi- 
nally uniform FBG with a peak reflectivity of 10% at a wavelength of 974 nm. 
For large detunings between the gain maximum and the grating's Bragg wave- 
length, it is possible that the module will be locked (additionally or exclusively) 
30 to wavelengths around side-band maxima. In particular, the probability for 
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such an unfavorable behavior increases taking into account manufacturing 
tolerances of commercially available Bragg gratings. 

This is demonstrated by the power spectrum shown in Fig. 12 which is meas- 
5 ured at a certain high-temperature condition using the FBG just mentioned. 
The four strong side peaks far beyond 974 nm are explained by simultaneous 
lasing of the module at side-band maxima, as indicated by the arrows in Fig. 
12. Such features may be avoided by the use of apodized gratings because 
apodization eliminates or minimizes side-band maxima in the reflection spec- 
10 trum. Thus, apodized FBGs increase the range of wavelength-stabilized op- 
eration. 

As an example, Fig. 13 shows the measured reflectivity spectrum of an apo- 
dized FBG. Compared to Fig. 1 1 , no side-band maxima are visible in the re- 
1 5 flectivity spectrum. 

Fig. 14 shows the optical power spectrum obtained with the apodized FBG for 
similar conditions as the spectrum shown in Fig. 12. Here, the spectrum indi- 
cates that the module is well locked to the FBG's Bragg wavelength, in con- 
20 trast to the previous example. 

In a third embodiment, at least two FBGs with different central Bragg wave- 
lengths are used, the combined filter characteristic providing an optimum filter 
characteristic according to the teaching given above. The at least two FBGs 

25 are arranged in series and within the optical fiber. This can be realized with 
FBGs having different central wavelengths by design. Alternatively, the at 
least two FBGs can be identical by design, whereby shifted central wave- 
lengths are obtained by inducing different mechanical stress on the FBGs, 
and/or by heating up the FBGs to different temperatures. As an example, Fig. 

30 10 also shows a reflectivity spectrum obtained with two FBGs. 
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In a fourth embodiment, an electronic dither imposed by modulating the laser 
injection current can be applied in addition and with respect to all previous 
embodiments mentioned above. 

5 

Fig. 15 finally shows the effect on the power variation of a laser source with 
and without electronic dither applied. The resulting improvement with respect 
to a reduced power variation when applying the electronic dither is clearly 
shown. 

10 

In principle, any of the various embodiments described above will look similar 
or even identical to the schematic structure shown in Fig. 1 , and a person 
skilled in the art should have no problem to determine and vary the technical 
details, in particular the spatial arrangement. As clearly described, the impor- 
1 5 tant aspects of the invention are the unusual selection of various dimensions 
contrary to the state-of-the- art. These unusual dimensions provide the de- 
sired improved function of the present invention. 



